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Foreword	
This	thesis	is	a	cumulative	dissertation,	which	comprises	three	publications	in	ISI	listed	journals.	The	
initial	 idea	 of	 the	 present	 research	work	was	 the	 development	of	 a	 three	 dimensional,	 large-scale	
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Abstract	
Besides	a	few	perennial	rivers,	like	the	Euphrates,	surface	water	resources	are	scarce	and	often	not	
reliable	 in	 its	 temporal	availability	on	 the	Arabian	Peninsula.	Consequently,	 the	 region	 relies	on	 its	
mainly	fossil	groundwater	reserves,	which	are	predominantly	stored	in	the	sedimentary	formations	of	




approach	 of	 time-lapse	 camera	 monitoring	 and	 water	 balance	 modelling	 was	 applied.	 Finally,	 an	
average	groundwater	 recharge	 rate	of	about	5	mm	a-1	could	be	estimated	 for	 the	As	Sulb	plateau,	
which	 constitutes	 an	 outcrop	 area	 of	 the	 Umm	 Er	 Radhuma	 karst	 aquifer.	 Moreover,	 this	 study	
discusses	the	non-linearity	of	recharge	processes	in	arid	environments.	The	second	study	deals	with	
the	groundwater	evaporation	from	salt	pans.	During	this	study,	different	methods	are	used	to	provide	
a	 comprehensive	 picture	 of	 this	 process.	 These	 methods	 include	 satellite	 image	 analysis	 for	 the	
mapping	of	salt	pan	areas,	 isotopic	 investigations	in	order	to	distinguish	between	groundwater	and	
seawater	dominated	salt	pans,	and	a	column	experiment	for	the	quantification	of	evaporation	rates.	




of	 this	 thesis	 applies	 the	 model	 and	 three	 different	 development	 scenarios	 for	 groundwater	
abstraction	are	simulated	and	discussed.	
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  2 
Despite	 their	 limited	 renewable	 freshwater	 resources,	 the	water	 demand	 of	 the	 countries	 on	 the	
Arabian	Peninsula	has	dramatically	increased	over	the	last	decades	(Al-Rashed	and	Sherif,	2000;	van	
der	 Gun,	 2012).	 This	 development	 is	 caused	 by	 various	 drivers.	 One	 of	 these	 drivers	 is	 the	 rapid	
economic	and	industrial	growth	after	the	exploration	of	the	world’s	largest	crude	oil	reserves.	Another	




far	 the	 largest	 water	 consumer	 on	 the	 Arabian	 Peninsula	 (FAO,	 2009;	 World	 Bank,	 2005).	 The	















  3 
available	 in	relatively	small	quantities	 (World	Bank,	2005).	Besides	these	technical	solutions,	virtual	






filled	during	wetter	periods	 in	 the	past	and	are	predominantly	 stored	 in	 large	 sedimentary	aquifer	
systems	on	the	Arabian	Platform.	Principally,	two	major	aquifer	systems	can	be	distinguished:	(i)	the	
Lower	Mega	Aquifer	system	with	the	principal	aquifers	Khuff,	Jilh,	Minjur,	Saq/Disi	and	Wajid,	and	(ii)	
the	Upper	Mega	Aquifer	 system	with	 the	 principal	 aquifers	 Biyadh,	Wasia,	Umm	Er	 Radhuma	 and	
Dammam	(GIZ/DCo,	2013,	2011;	GTZ/DCo,	2006;	UN-ESCWA	and	BGR,	2013).	These	aquifer	systems	
are	the	backbone	of	the	freshwater	water	supply	for	large	parts	of	the	Arabian	Peninsula.	Today,	these	
aquifer	 systems	 receive	 only	 very	 limited	 recharge	 and	 they	 have	 to	 be	 considered	 as	 finite.	
Consequently,	wise	management	schemes	must	be	applied	to	find	a	good	balance	between	satisfying	





Mega	Aquifer	 (UMA)	 system.	Generally,	 two	main	 objectives	 are	 pursued.	 First,	 this	 study	 tries	 to	
contribute	to	the	understanding	of	the	UMA	system	for	a	better	future	management.	Second,	it	tries	


























Earlier,	 the	crystalline	 rocks	of	 the	Arabian	Shield	 tilted	 slightly	 towards	northeast	until	 the	Tethys	
Ocean	has	transgressed	inland	to	the	present	limit	of	the	sedimentary	beds	during	the	Early	Ordovician	
period.	In	the	following	geological	ages	a	successive	rising	and	sinking	of	the	Shield	took	place,	which	
resulted	 in	 a	 deposition	 of	 marine	 and	 terrestrial	 sediments.	 This	 process	 finally	 formed	 the	
sedimentary	succession	of	the	Arabian	Platform	(Powers	et	al.,	1966;	Shahin,	2007).			












The	 climate	 of	 the	 whole	 Arabian	 Peninsula	 is	 characterized	 by	 high	 temperatures	 and	 low	
precipitation	rates	(Fig.	1-5)	and	therefore,	classified	as	a	hot-arid	desert	climate	(Kottek	et	al.,	2006).	
Mean	annual	temperatures	range	from	about	20°C	in	the	northern	part	of	the	study	area	to	more	than	
  6 
25°C	in	the	Rub’	Al	Khali	desert	(Pauw,	2002).	Significant	differences	in	temperature	are	observable	
between	day	and	night	and	summer	and	winter	(Fig.	1-5	B).	Consequently,	summer	temperatures	of	







(June	 to	 September)	 originating	 from	 the	 South	 and	 strongly	 influencing	 the	 southern	 part	 of	 the	
Arabian	Peninsula	(Müller,	2012).	However,	they	are	usually	not	reaching	the	study	area	(BRGM,	1977).	
Rainfall	in	the	study	area	occurs	only	in	the	winter	month	and	is	linked	with	the	passage	of	humid	air	
masses	 from	 the	 Northwest	 originating	 the	 Atlantic	 and	 Mediterranean	 	 (BRGM,	 1977).	 The	
interannual	 variation	 ranges	 from	almost	 no	precipitation	 to	more	 than	200	mm	per	 year	 (BRGM,	
1977).	Besides	the	absolute	annual	amount	of	rainfall,	also	its	spatiotemporal	patterns	are	important.	
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The	 climate	on	 the	Arabian	Peninsula	was	not	 constant	over	 time.	Various	 studies	 report	 that	 the	







and	Westerly	 precipitation	 (Davis,	 1987;	 Parker	 et	 al.,	 2006).	 Furthermore,	 it	 caused	 a	 shift	 of	 the	







analysed	 the	 remains	 of	 mammal	 fauna	 and	 concluded	 a	 savanna	 landscape,	 which	 is	 further	
supported	by	a	rock	art	site	about	100	km	west	of	Riyadh	showing	animals	like	antelopes,	ostriches,	





















These	 different	 geological	 formations	 are	 merged	 to	 hydrostratigraphic	 units	 following	 the	
classification	 of	 GIZ/DCo	 (2014,	 2011)	 and	 GTZ/DCo	 (2006).	 Ten	 units,	 consisting	 of	 siliciclastic	
sedimentary	rocks,	carbonates	and	evaporates,	plus	the	underlying,	sealing	Hith	anhydrite	resulted	
(Fig.	1-7).	In	most	of	its	parts,	the	UMA	system	is	covered	by	Quaternary	surface	deposits	(e.g.	terrace	
sands,	 sandy	 limestone,	 and	 salt	 pan	 deposits),	which	 are	 not	 considered	 as	 a	 part	 of	 the	 aquifer	
system.	The	hydrostratigraphic	units	are	the	physical	framework	of	the	UMA	system.	Generally,	they	
dip	slightly	eastwards	towards	the	Persian	(Arabian)	Gulf.	The	thickness	and	the	hydraulic	properties	
vary	within	 these	 units	 depending	 on	 different	 factors	 like	 depositional	 environment,	 erosion	 and	
tectonics.	 In	 the	 following,	 these	 units	 are	 described	 (from	 the	 bottom	 to	 the	 top)	 based	 on	 an	
extensive	study	by	Alsharhan	and	Nairn	(1997).		
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Hith	 Aquiclude	 (Late	 Jurassic,	 Tithonian):	 The	 Hith	 Anhydrite	 is	 the	 last	 and	 most	 widespread	
anhydrite	unit	 of	 the	 Late	 Jurassic.	 It	 forms	 an	effective	 seal	 and	 separates	 the	UMA	 system	 from	
underlying	aquifers	in	most	of	its	parts.	The	presence	of	major	oil	and	gas	deposits	in	the	underlying	





100	m	and	150	m,	respectively.	 In	 Iraq,	 the	Anhydrite	seal	 is	 represented	by	the	Gotnia	 formation,	
which	is	about	200	m	thick	in	the	type	area.		
Lower	 Cretaceous	 Secondary	 Aquifer	 (Early	 Cretaceous):	 In	 Saudi	 Arabia,	 the	 Lower	 Cretaceous	
Aquifer	 comprises	 the	 formations	 Sulaiy,	 Yamama,	 and	 Buwaib.	 These	 formations	 and	 their	 local	
equivalents	(e.g.	Rayda	and	Ratawi)	mainly	consist	of	interbedded	fine	grained	limestone,	mudstone	
and	 wackestone,	 except	 for	 the	 upper	 part	 of	 the	 Ratawi	 formation	 in	 Kuwait/Iraq	 (shale	 and	
sandstone).	 The	 Lower	 Cretaceous	 Aquifer	 prevails	 over	 the	 entire	 UMA	 System	 except	 for	 the	
outermost	northwestern	part.	The	Lower	Cretaceous	Aquifer	has	an	average	thickness	of	300	m,	400	
m,	800	m	and	up	to	900	m	in	Saudi	Arabia,	Qatar,	Oman,	and	Kuwait	and	Iraq,	respectively.				
Biyadh	 Principal	 Aquifer	 (Early	 Cretaceous):	 The	 lithofacies	 of	 the	 Biyadh	 formation	 and	 its	
equivalents	(e.g.	Zubair	and	Kharaib)	follow	a	gradual	change	from	alluvial	sandstones	(outcrop	areas	
in	the	West)	to	argillaceous	mudstones	(eastern	oil	fields	of	Saudi	Arabia)	and	finally	limestones	(Qatar,	
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UAE	and	Oman).	Its	thickness	varies	from	400	m	in	the	outcrop	area	to	more	than	600	m	in	the	Ghawar	
Field,	400	m	in	Kuwait/Iraq	and	about	100	m	in	Oman,	Qatar	and	UAE.	
Shu’aiba	 Aquitard	 (Early	 Cretaceous):	 The	 Shu’aiba	 Aquitard	 consists	 predominantly	 of	
porous/fractured	limestone	or	dolomite	with	an	average	thickness	of	about	100	m.	In	the	basins	(e.g.	
Rub’	Al-Khali	Basin),	the	formation	is	denser	and	consists	of	mudstone	or	wackestone.	In	the	West,	the	
formation	 is	 absent	 and	Wasia	 and	 Biyadh	 form	 one	 aquifer	 complex.	 Generally,	 vertical	 leakage	
through	the	Shu’aiba	Aquitard	is	very	likely.			
Wasia	 Principal	 Aquifer	 (Mid	 Cretaceous):	 Generally,	 the	 Wasia	 comprises	 a	 group	 of	 geological	
formations	from	the	Albian	to	Turonian	time.	However,	the	Wasia	Aquifer	(Lower	Wasia)	only	consists	
of	 the	Nahr	Umr	 formation	 and	 its	 equivalents	 (Khafji,	 Safaniya	 and	Burgan)	 from	 the	 first	 half	 of	
Albian.	The	Wasia	Aquifer	shows	some	analogies	to	the	Biyadh	Aquifer,	especially	in	its	outcrops.	It	is	
composed	of	siliciclastic	sediments	with	decreasing	thickness	and	decreasing	grain	size	towards	the	
Southeast.	 In	 central	 Saudi	 Arabia	 and	 Yemen,	 the	Wasia	 Aquifer	 consists	 of	 200	 to	 400	m	 thick	






units	 (Lower	Aruma	Aquiclude	and	Upper	Wasia	Aquitard),	which	are	merged	 to	a	 single	one.	 The	
Lower	Aruma	Aquiclude	consists	of	about	30	m	thick	shale	and	 lime	mudstone.	 It	 is	present	 in	 the	
eastern	part	of	the	study	area	and	wedges	out	towards	the	West.	The	Upper	Wasia	Aquitard	consists	





limestone.	 The	 Upper	 Wasia	 Aquitard	 thins	 towards	 the	 western	 outcrops	 and	 has	 an	 average	
thickness	of	about	250	m,	350	m	and	450	m	 in	Saudi	Arabia	and	Kuwait,	 in	UAE	and	Qatar,	and	 in	
Oman,	respectively.		
The	combination	of	Lower	Aruma	Aquiclude	and	Upper	Wasia	Aquitard	forms	an	effective	aquiclude,	
which	 separates	 the	 Wasia	 Aquifer	 from	 the	 Aruma	 Aquifer.	 This	 assumption	 is	 supported	 by	
potentiometric	head	differences	of	up	to	200	m	between	both	aquifers	(GIZ/DCo,	2011).	Nevertheless,	
it	is	very	likely	that	at	some	places	leakage	will	occur.		
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Aruma	Secondary	Aquifer	(Late	Cretaceous):	The	Aruma	Aquifer	consists	of	karstified	limestone.	In	
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Neogene	Secondary	Aquifer	 (Neogene):	 In	Saudi	Arabia,	mainly	 three	geological	units	 forming	 the	
Neogene	 Aquifer	 complex.	 The	 lowest	 unit	 is	 the	 Hadrukh,	 consisting	 of	 sandy	 limestone	 and	
calcareous	sandstone.	It	is	followed	by	the	Dam,	consisting	of	marl	and	microporous	limestone.	And	
finally,	 the	Hufuf,	 consisting	of	marl	 and	 sandy	 limestone.	 In	 the	UAE,	 the	 formations	and	 its	 local	






During	 its	 formation,	 the	 previously	 described	 hydrostratigraphic	 units	 experienced	 different	
depositional	environments	over	space	and	time.	Ziegler	(2001)	analysed	these	different	depositional	
environments	and	mapped	the	 lithofacies	distribution	 for	 these	units.	Based	on	this,	nine	different	
hydrofacies	types	for	the	UMA	system	are	defined.	Hydrofacies	types	(or	zones)	are	spatial	entities	





Parameterization	 of	 the	 hydrofacies	 zones	 bases	 on	 the	 description	 of	 geological	 facies	 and	 223	




only	 a	minor	 part	 of	 pumping	 test	was	 conducted	with	 an	 additional	monitoring	well.	 Hence,	 the	
geometry	of	the	depression	cone	could	not	be	analysed	in	most	of	the	cases,	which	is	a	requirement	
for	 the	 determination	 of	 the	 storativity	 (S).	 In	 total,	 only	 33	 pumping	 tests	 are	 available	 for	 the	
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Fig.	1-8:	Box	plots	 (maximum	whisker	 length	equals	1.5	 times	 the	 interquartile	 range)	 showing	 the	hydraulic	












Hydrofacies	 K	[ms-1]	 Sy	[]	 Ss	[m-1]	
Sandstone	 2.6	·	10-4	(39)	*	 0.1	(3)	 2	·	10-3	(7)	







Limestone	and	dolomite	 3.9	·	10-5	 0.02	 5.6	·	10-4	











and	 its	 properties,	 but	 also	 on	 the	 groundwater	 head	 gradients.	 It	 is	 important	 to	 note	 that	 the	
  14 
potentiometric	head	not	only	depends	on	 the	 representative	water	 column	 (static	water	 level	 in	a	
monitoring	well),	but	also	on	the	density	of	the	water	(Post	et	al.,	2007).	Therefore,	parameters,	which	
have	an	influence	on	the	groundwater	density	(temperature	and	salinity),	were	mapped	during	several	















The	 upper	 part	 (Paleogene	 to	 Neogene)	 is	 composed	 of	 the	 Aruma,	 the	 Umm	 Er	 Radhuma,	 the	
Dammam	and	the	Neogene	aquifer.	These	aquifers	show	an	average	potentiometric	head	gradient	of	


















terms	 is	 of	 high	 importance.	 Not	 least	 for	 this	 reason,	 the	 estimation	 of	 selected	 water	 balance	
components	is	one	of	the	focal	points	of	the	present	thesis	(chapter	2	to	4;	Schulz	et	al.,	2017,	2016,	
2015).		















Groundwater	 recharge	 of	 the	 UMA	 system	 predominantly	 occurs	 its	 western	 part,	 because	 of	
unconfined	conditions	and	outcropping	aquifers.	Generally,	three	different	types	of	natural	recharge	
processes	can	be	distinguished.	
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The	 first	 type	 is	 direct	 groundwater	 recharge,	 i.e.	 rainwater	 directly	 percolates	 through	 the	
unsaturated	zone	to	the	groundwater	(Fig.	1-10	A).	This	type	of	recharge	might	be	relevant	for	the	
large	areas	of	sand	deserts,	 like	the	Ad	Dahna	sand	dunes	covering	the	unconfined	outcrops	of	the	













resources.	 Those	 techniques	 are	 commonly	 termed	 managed	 aquifer	 recharge	 (MAR)	 or	 aquifer	
storage	 recovery	 (ASR).	 For	 the	 UMA	 system,	 two	 different	 types	 managed	 aquifer	 recharge	
techniques	 exist:	 (i)	 infiltration	 wells	 fed	 by	 treated	 sewage	 effluents	 (Maliva	 et	 al.,	 2011)	 or	
desalinated	seawater	(Almulla	et	al.,	2005)	and	(ii)	recharge	dams	mainly	fed	by	accumulated	rainwater	
(Fig.	1-10	D;	Al-Turbak	and	Al-Muttair,	1989).	Interesting	to	note	is	the	phenomenon	of	unintended	
artificial	 groundwater	 recharge	discovered	by	Michelsen	 et	 al.	 (2016).	 They	 observed	 a	 rise	 of	 the	
groundwater	table	caused	by	the	nearby	disposal	of	waste	water.		

























for	 settlements	 and	 served	 as	 water	 and	 food	 sources	 along	 the	 caravan	 routes	 of	 the	 Arabian	
Bedouins	 (Bazuhair	 and	 Hussein,	 1990).	 Particularly	 noteworthy	 is	 the	 Dilmun	 culture,	 which	
developed	more	than	5000	years	ago	on	the	island	of	Bahrain	in	the	Persian	Gulf.	This	early	civilization	
was	known	for	its	trading	activities	and	its	wealthy	state	of	life.	The	fundamental	requirement	for	the	
development	 of	 that	 culture	was	 the	 availability	 of	 freshwater,	 which	was	 provided	 by	 numerous	
onshore	and	offshore	karst	springs	in	the	northern	part	of	the	island	and	off	its	coast	(Fig.	1-12	B).	The	
tremendous	importance	of	these	springs	even	explains	the	etymology	of	the	word	“Bahrain”,	which	
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Hussein,	1990).	Interesting	to	note	are	extensive	studies	conducted	by	divers	mapping	the	shape	of	
the	 karst	 caves	 of	 the	Al	Hasa	 springs	 (BRGM,	 1977).	 The	 springs	 in	 Al	Qatif	were	 investigated	 by	
Italconsult	(1969)	in	the	period	from	February	1967	to	May	1968.	They	found	32	active	springs	with	a	
total	discharge	rate	of	13	·	106	m3a-1	(Job,	1978).	Eleven	years	later	in	1989	a	discharge	rate	of	only	1.7	







(Wagner,	 2011)	 and	 40	 ·	 106	m3a-1	 (UN-ESCWA	 and	 BGR,	 2013).	 And	 third,	 the	 thermal	 spring	 Bu	
Sukhanah	south	of	the	city	Al	Ain	in	the	UAE.	For	this	spring,	a	discharge	of	0.96	·	106	m3	and	2.5	·	106	
m3	could	be	observed	in	1984	and	1991,	respectively.	Actually,	Bu	Sukhanah	is	not	draining	the	UMA	
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UMA	system	 is	diffuse	 leakage	 from	 the	 confined	underlying	aquifers	 through	 the	 sea	 floor	of	 the	
Persian	Gulf.	Zektser	(2007)	reported	a	diffuse	discharge	rate	of	1.0	·	109	m3a-1	for	the	UMA	system,	
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Groundwater	 is	 the	 principal	 water	 resource	 in	 semi-arid	 and	 arid	 environments.	 Therefore,	
quantitative	estimates	of	its	replenishment	rate	are	important	for	managing	groundwater	systems.	In	
dry	regions,	karst	outcrops	often	show	enhanced	recharge	rates	compared	with	other	surface	and	sub-
surface	 conditions.	 Areas	 with	 exposed	 karst	 features	 like	 sinkholes	 or	 open	 shafts	 allow	 point	
recharge,	even	from	single	rainfall	events.	Using	the	example	of	the	As	Sulb	plateau	in	Saudi	Arabia,	













groundwater	 is	 the	 primary	water	 resource	 because	 surface	water	 resources	 are	 scarce	 and	often	
unreliable	 (Scanlon	 et	 al.,	 2006).	 Consequentially,	 the	 replenishment	 rate	 of	 the	 groundwater	
resources	 is	 a	 key	 component	 of	 the	 hydrological	 cycle	 and	 of	 great	 importance	 for	 water	
management.		




corrosionally	 extended	 joints,	 and	 sinkholes	 (which	 are	 termed	 dolines	 later,	 after	Waltham	 et	 al.	
(2005))	 are	 conduits	 for	 point	 recharge	 (Ford	 and	Williams,	 2007;	 Goldscheider	 and	 Drew,	 2007).	
Rainfall	accumulates	in	channels	that	funnel	the	water	to	these	features,	through	which	it	discharges	
directly	into	the	aquifer.	In	such	settings,	even	single	rainfall	events	can	lead	to	recharge	(Hartmann	et	
al.,	 2014;	 Somaratne,	 2014).	 Enhanced	 recharge	 in	 semi-arid	 and	 arid	 karst	 areas	 is	 a	 worldwide	





main	 part	 of	 the	 groundwater	 is	 a	 fossil	 resource	 that	 originates	 from	 humid	 periods	 during	 the	
Holocene	and	Pleistocene	(Hötzl,	1995;	Lloyd	and	Farag,	1978).	During	the	last	several	decades,	the	
Gulf	 Cooperation	 Council	 countries	 experienced	 a	 rapid	 population	 and	 economic	 growth.	
Consequently,	water	demand	increased	dramatically,	and	current	withdrawal	exceeds	replenishment	
(Al-Rashed	and	Sherif,	2000).	Nevertheless,	this	recharge	is	still	a	key	component	of	the	hydrological	
balance	and	has	 to	be	 considered	 in	water	management	assessments.	Quantifying	 this	 recharge	 is	
particularly	difficult	given	the	erratic	and	sparse	nature	of	recharge	events,	the	limited	availability	of	
data	 regarding	 the	 hydrogeological	 makeup	 of	 the	 region,	 local	 meteorology,	 and	 the	 hostile	
conditions	to	which	measurement	equipment	is	exposed.		
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requires	 an	 accessible	 cave	 system.	 A	 less	 restrictive	 direct	 method	 is	 monitoring	 the	 inflow	 into	
exposed	 karst	 features	 like	 dolines	 or	 open	 shafts.	 This	 approach	 assumes	 point	 recharge	 as	 the	




which	may	 include	extreme	temperature	 fluctuations,	 sand	storms,	and	significant	sediment	 loads.	
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is	 directly	 exposed	 (Hötzl,	 1995).	 The	 As	 Sulb	 Plateau	 is	 an	 endorheic	 karst	 area,	 where	 small	
catchments	are	drained	by	karst	features	like	dolines,	open	shafts,	and	caves	(Fig.	2-1	B	and	C).	These	
catchments	 have	 a	 cover	 of	 well-sorted	 aeolian	 sand,	 usually	 not	 thicker	 than	 a	 few	 tens	 of	
centimetres.	Sieve	analysis	and	statistical	evaluation	according	to	Blott	and	Pye	 (2001)	give	a	mean	
grain	size	of	the	sand	cover	of	0.25mm.	Because	of	the	thin	sediment	cover	and	the	omnipresence	of	
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runoff-precipitation	ratio	of	about	0.01	during	two	precipitation	events	of	5	mm	in	20	and	25	min,	
respectively.	Independently,	they	used	a	simple	event-based	water	balance	model	in	order	to	estimate	





collected	 between	 1986	 and	 1989.	 For	 rain	 water,	 they	 found	 concentrations	 ranging	 between	




































PPPDI 	 	 	 	 	 	 	 	 																	(2-1)	
where	PDI	is	the	precipitation	distribution	index	(mm	day-2),	n	is	the	number	of	rainy	days	in	the	time	
period	considered,	Pk	is	the	daily	sum	of	rainfall	at	the	kth	rainy	day	(mm),	and	Sk	is	the	day	number	of	





Numerous	 karst	 dolines	 are	 spread	 over	 the	 As	 Sulb	 plateau.	 After	 thoroughly	 investigating	 the	
plateau,	we	found	a	doline	(26.446	N,	47.252	E;	Fig.	2-1	B	and	C)	with	a	clearly	definable	catchment	
and	no	other	draining	outlets	but	the	doline.	The	catchment	has	a	representative	sediment	cover,	and	
a	possibility	 to	 fix	 the	camera	 in	a	suitable	position.	This	doline	has	two	 inflow	channels	 (west	and	










𝑄 = 𝐶 $%& 2𝑔	tan -. ℎ..&	 	 	 	 	 	 	 	 	 		(2-2)	
where	Q	is	the	discharge	(m3	s-1),	C	is	the	coefficient	of	discharge,	g	is	the	gravitational	acceleration	(m	
s-2),	θ	is	the	angle	included	between	the	sides	of	the	notch	(rad),	and	h	is	the	potentiometric	head	of	
the	 upstream	 water	 surface	 above	 the	 vertex	 of	 the	 notch	 (m).	 The	 coefficient	 of	 discharge	 was	
determined	with	the	Barr–Strickland	formula	(Shen,	1981)	after	conversion	from	feet	to	metres:	
𝐶 ≈ 0.566 + 6.6%&78..$9	 	 	 	 	 	 	 	 	 																	(2-3)	
with	g	=	9.81	m	s-2	and	θ	=	90°,	this	expresses	Q	as	a	function	of	h	only:	
𝑄 ≈ 1.337 + 6.687%8..$9 	ℎ..&	 	 	 	 	 	 	 	 																	(2-4)	
In	order	to	calculate	the	total	amount	of	discharge	per	rainfall	event,	the	observed	discharges	were	
interpolated	 (cubic	 spline)	 and	 subsequently	 estimated	by	 trapezoidal	 integration	of	 the	discharge	
curve.	
From	elevation	mapping,	we	estimated	the	catchment	area	of	the	western	channel	to	be	4.0	·	104	m2.	































	 	 	 	 	 	 	 	 																	(2-6)	
where	SWS	denotes	the	soil	water	storage	(mm).	The	sand	cover	of	the	As	Sulb	plateau	has	infiltration	
rates	of	more	than	1	mm	min-1,	which	is	usually	larger	than	the	precipitation	rate	(Hötzl	et	al.,	1993).	
That	means	 that	 fast	 interflow	or	 surface	 runoff	 in	 the	draining	 channels,	 and	hence	 groundwater	
















texture,	 and	 spatial	 distribution	 of	 the	 soil	 depth.	 These	 properties	 are	 difficult	 to	 determine.	
Therefore,	the	main	storage	capacity	(SWS	2max)	will	be	the	fitting	parameter	of	the	model.	It	can	be	
estimated	for	individual	recharge	events	by	calculating	the	water	balance	for	the	period	starting	after	
a	prolonged	dry	period	 so	 that	both	 SWS	1	and	2	 can	be	assumed	zero	at	 that	 time.	According	 to	
Equation	 (2-6),	 the	 accumulated	 difference	 between	 rainfall	 and	 actual	 evaporation	 is	 collected	 in	
storage.	By	the	time	groundwater	recharge	starts	for	the	first	time	since	the	start	of	the	calibration	














can	 be	 determined	 from	 the	 images	 that	 were	 captured	 to	 determine	 water	 levels.	 The	 method	
presented	later	therefore	is	very	well	suited	for	environments	that	are	too	harsh	or	remote	for	many	
conventional	monitoring	sensors.		
Potential	 evaporation	 is	 estimated	 with	 the	 simplified	 Penman	 (1948)	 evaporation	 equation	
introduced	by	Valiantzas	(2006):	
𝑒>?@ ≈ 0.047	×	𝑅D	×	 𝑇 + 9.5 − 2.4	× HIHJ . + 0.09	×	 𝑇 + 20 	×	 1 − 	 HK%66 																																(2-7)	
with	
	𝑅L = 	 3	×𝑁	×	sin 0.131	×𝑁 − 0.95	×𝑙𝑎𝑡 𝑖𝑓 𝑙𝑎𝑡 	≥ 	23.5	×	 V%$6118	×	𝑁6..	×	sin 0.131	×𝑁 − 0.2	×𝑙𝑎𝑡 𝑖𝑓 𝑙𝑎𝑡 < 	23.5	×	 V%$6 	 																															(2-8)	
with	
𝑁 = 4	×𝑙𝑎𝑡	×	sin 0.53	×𝑚 − 1.65 + 12	 	 	 	 	 	 																	(2-9)	
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max2 	 	 	 	 	 	 														(2-11)	




























	 	 	 	 	 	 														(2-12)	










During	 the	second	and	 fourth	events,	 the	weir	was	overflowing.	Nevertheless,	 the	 flow	rates	were	
estimated	with	Equation	(2-4),	and	thus,	recharge	amounts	on	20	November	2013	(2.8	mm)	and	on	6	
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Interannual	variation	of	recharge	
We	ran	all	simulations	with	input	taken	from	the	15-year	(1971–1986)	and	2-year	records	(2012–2014)	
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Tab.	2-1:	Calibrated	values	of	the	capacity	of	the	main	soil	storage	reservoir	[SWS	2	(mm)]	for	different	top-soil	




0	 1	 2	 6	 10	 20	
1	 30	 30	 30	 30	 30	 30	
2	 31	 31	 31	 31	 31	 31	
3	 15	 20	 20	 19	 19	 19	
4	 20	 25	 25	 25	 25	 25	














storage	 capacities	 (bold	 value	 in	 the	 bottom	 row	 of	 Tab.	 2-1;	 CV	 =	 0.21).	 This	 shows	 clearly	 the	
sensitivity	of	groundwater	recharge	to	the	capacity	of	the	main	storage	reservoir.	
These	findings	(high	sensitivity	to	SWS	2max	and	limited	sensitivity	to	SWS	1max)	are	corroborated	by	the	












such	events,	 supporting	 the	 case	 for	 robust,	 low-maintenance	 technology.	Model	 results	 show	 the	
evolution	of	the	two	storage	components	 in	response	to	rainfall	 (Fig.	2-4	E).	The	top-soil	storage	 is	
mostly	 empty,	 but	 nevertheless	 effectively	 filters	 out	 small	 rainfall	 events,	 and	 temporarily	 halts	
evaporation	 from	 the	 main	 reservoir	 after	 rainfall.	 The	 main	 effect	 of	 the	 top-soil	 reservoir	 is	 to	
simulate	more	 realistic	 actual	 bare	 soil	 evaporation	 in	 order	 to	 prevent	minor	 rain	 showers	 from	
contributing	to	the	overall	storage,	thereby	nullifying	their	contribution	to	groundwater	recharge.	It	









This	 should	be	 taken	 into	consideration	when	 the	model	 is	used	 for	 scenario	 studies	or	 to	provide	
estimates	of	the	amount	of	water	that	can	sustainably	be	withdrawn	from	an	aquifer.	
Finally,	the	model	run	with	a	top-soil	storage	capacity	of	6	mm	and	a	main	storage	capacity	of	26	mm	
estimated	 from	 the	 four	 recharge	 events	 gave	 a	 mean	 annual	 recharge	 rate	 of	 5.1	 mm	 for	 the	
investigated	doline	catchment.	This	is	roughly	in	line	with	the	estimate	of	8	mm	a-1	for	the	central	part	




al.	 (1993)	 was	 strictly	 event	 based	 and	 ignored	 any	 storage	 in	 the	 soil,	 which	 is	 likely	 to	 be	 an	
oversimplification	of	model	structure.	Model	results	show	two	instances	of	the	effect	of	antecedent	
rainfall	(Fig.	2-4	E).	In	the	first	(magnified	in	Fig.	2-4	D),	there	was	19.9	mm	of	rainfall	on	19	November	
2013,	 which	 produced	 1.2	 mm	 of	 recharge.	 The	 next	 day,	 5.7	 mm	 of	 rainfall	 yielded	 2.8	 mm	 of	
recharge.	Likewise,	the	second	event	features	two	consecutive	rainfall	events	on	an	initially	almost	dry	





ranges	 from	 0	 to	 0.27,	with	 a	weighted	 average	 of	 0.09.	 The	 highest	 ratios	were	 achieved	 by	 the	
wettest	years,	making	annual	groundwater	recharge	sums	even	more	skewed	than	the	rainfall	sums.	
Because	of	 the	extreme	 temporal	variability,	 care	 should	be	 taken	 in	extrapolating	 these	values	 to	
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2.7 Conclusions	
In	view	of	the	severe	limitations	in	data	availability	in	arid	regions	and	the	difficulties	associated	with	













combination	 with	 conceptual	 modelling	 proved	 to	 be	 an	 effective	 tool	 to	 analyse	 the	 nonlinear	































































































































resources	 assessments	 of	 its	 upper	 principal	 aquifers	 –	 the	 Upper	 Mega	 Aquifer	 system	 –	 as	 it	
constitutes	a	significant	sink.	However,	literature	values	on	evaporation	rates	vary	widely	and	usually	
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Salt	pan	or	salt	flat	is	the	generic	term	for	different	hydrological	systems	(Jaeger,	1942).	In	order	to	








Prominent	 examples	 for	 groundwater	 discharging	 salt	 pans	 (playas),	 besides	 those	 on	 the	Arabian	
Peninsula,	are	for	instance	the	Bonneville	Salt	Flats	in	Utah,	USA	(Mason	and	Kipp,	1998),	Owens	Lake	
in	California,	USA	(Tyler	et	al.,	1997),	salt	flat	basins	in	the	Chilean	Altiplano	(Hernández-López	et	al.,	
2014),	 playas	 in	 central	Mexico	 (Menking	et	 al.,	 2000)	or	playas	 in	 central	Australia	 (Jacobson	and	
Jankowski,	 1989;	 Lloyd	 and	 Jacobson,	 1987).	 In	 contrast,	 coastal	 salt	 pans,	 which	 predominantly	
evaporate	seawater,	are	known	from	Chott	el	Djerid,	Tunisia	(Richards	and	Vita-Finzi,	1982),	northwest	







suggested	an	annual	evaporation	 rate	of	groundwater	between	20	mm	and	40	mm.	Similar	 to	 the	






over	 the	 last	 4,000	 to	 5,000	 years.	 Shehata	 and	 Lotfi	 (1993)	 applied	 empiric	 equations	 about	
evaporation	 rates	 depending	 on	 potential	 evaporation	 and	 water	 level	 and	 concluded	 an	 annual	
evaporation	from	salt	pans	along	the	Arabian	Gulf	coast	of	about	120	mm.	Sanford	and	Wood	(2001)	
introduce	 a	 fourth	method.	 They	 based	 their	 estimations	 of	 evaporation	 rates	 on	 in-situ	 humidity	
chamber	experiments	and	calculated	an	evaporation	rate	of	69	mm	a-1	for	salt	pans	in	Abu	Dhabi	and	
50	mm	a-1	for	the	salt	pan	Matti	(located	in	Abu	Dhabi	and	Saudi	Arabia),	respectively.	Most	of	the	
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relation	 to	 dune	 movements	 and	 construction	 activities	 (Kumar	 and	 Abdullah,	 2011;	 GDC,	 1980).	
Second,	due	to	 the	 large	scale	of	 the	geological	map	(1:2,000,000),	 indicated	salt	areas	have	a	 low	
spatial	resolution	of	details	and	do	not	reveal	true	extents.	This	is	already	obvious	by	comparing	the	
geological	map	with	high-resolution	satellite	images.		
This	 study	 focuses	 on	 groundwater	 evaporation	 from	 salt	 pans	 located	 inland.	 Quantifying	 and	
assessing	evaporation	loss	of	groundwater	from	these	salt	pans	is	important	to	close	the	water	balance	
of	the	connected	aquifer	system.	 In	detail,	 four	research	questions	were	addressed:	 (i)	What	 is	the	
spatial	distribution	of	 salt	pans	on	 the	eastern	Arabian	Peninsula?	 (ii)	What	are	contributing	water	













the	 region	 relies	 on	 its	mainly	 fossil	 (non-renewable)	 groundwater	 resources.	 The	 groundwater	 is	
predominantly	stored	in	sedimentary	formations	of	the	Arabian	Shelf,	also	called	Arabian	Platform	(Al-
Rashed	and	Sherif,	2000).	Its	upper	principal	aquifers	are	the	Wasia-Biyadh	sandstone	aquifer	and	the	














The	 playa	 (groundwater	 evaporating	 salt	 pan)	 soil	 matrix	 consists	 predominantly	 of	 siliciclastic	
sediments.	The	capillary	rise	of	highly	saline	water	and	its	subsequent	evaporation	causes	evaporites	
(e.g.	 gypsum,	 anhydrite,	 halite)	 to	be	present	 in	 the	 capillary	 fringe	 (Kinsman,	 1969;	 Smith,	 1982).	





is	 eroded	until	 the	 top	of	 the	 capillary	 fringe	 is	 reached.	 In	 case	of	 a	 rising	 groundwater	 table	 the	
surface	becomes	wetter	and	additional	aeolian	sediments	will	be	trapped	(Kinsman,	1969;	Yechieli	and	








Remote	 sensing	data	 for	 the	whole	 study	area,	 i.e.	 39	 Landsat	8	 (hereafter	 referred	 to	as	 LDCM	–	
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Fig.	3-2:	Flowchart	picturing	the	applied	decision	tree	classification	to	extract	salt	pan	areas	(note:	rectangles	
represent	 data	 sets,	 circles	 show	 calculated	 auxiliary	 products,	 diamonds	 stand	 for	 decision	 criteria,	
dotted	lines	indicate	used	data	sets	and	solid	lines	represent	the	process	chain)	
	




the	 fringe	 of	 salt	 pans.	 The	 resulting	 reflectance	 is	 considerably	 lower	 in	 the	 mid-infrared	 (MIR)	
spectrum	compared	to	surrounding	coarse	grained	aeolian	sand	accumulation.	At	the	same	time,	heat	






range	 between	 -1.53	 (±0.37)	 and	 -4.15	 (±0.77).	 To	 obtain	 correct	 scene-individual	 thresholds	 and	
hence	 to	 derive	 salt	 pan	 areas	 within	 the	 previously	 extracted	 potential	 areas,	 we	 used	 salt	 pan	













in	 30	 ml	 HDPE-bottles.	 Samples	 for	 the	 determination	 of	 cations	 were	 additionally	 acidified	 with	
concentrated	HNO3.	For	the	analysis	of	the	sulphur	isotopic	signature	of	dissolved	sulphate	unfiltered	
samples	 were	 collected	 in	 500	 ml	 LDPE-bottles.	 Cations	 and	 anions	 were	 determined	 by	 Ion	
Chromatography	 (ICS-2000,	 Thermo	 Scientific	 Dionex)	 and	 Inductively	 Coupled	 Plasma	 Optical	







as	 described	 by	 Sanford	 and	Wood	 (2001).	 Consequentially,	 infiltrated	 rainwater	will	 evaporate	 in	
addition	to	(or	instead	of)	groundwater	after	rain	events.	
In	 order	 to	 estimate	 the	 influence	 of	 infiltrating	 rainwater,	 the	 annual	 precipitation	 rate	 for	 the	
previously	 mapped	 salt	 pan	 area	 was	 first	 derived	 from	 the	 Tropical	 Rain	 Measurement	 Mission	
(TRMM)	V6	data	set	(Kummerow	et	al.,	1998)	using	the	area-weighted	mean.	Second,	a	3.5	m	deep	
well	was	installed	in	the	salt	pan	Al	Budu	(23.237°	N,	49.299°	E)	and	equipped	with	a	groundwater	data	
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soil	samples	were	extracted	from	the	saturated	zone	next	to	the	observation	well.	These	soil	samples	






51.753°	 E	 and	 an	 interdune	 salt	 pan	 in	 the	 Rub’	 Al	 Khali	 desert	 –	 22.605°	 N,	 53.754°	 E;	 Fig.	 3-1).	
Extraction	sites	show	differences	with	respect	to	soil	texture,	salt	crust,	and	chemical	composition	of	
groundwater	 (Annex	A	9	and	A	10)	covering	the	variety	of	continental	salt	pans.	According	to	 field	





boundary	 conditions	 such	 as	 water	 level	 (pressure	 head	 at	 the	 bottom	 of	 the	 column)	 as	 well	 as	
temperature	and	humidity	at	the	top	of	the	column.	In	order	to	adjust	the	water	level,	a	micro	porous	
membrane	was	 installed	at	 the	bottom	of	 the	 soil	 core	and	connected	 to	a	hanging	water	 column	
represented	by	 a	height-adjustable	 LDPE-bottle	 (Fig.	 3-3).	 Inside	 the	bottle,	 the	water	 level,	which	
represented	the	pressure	head	in	the	soil	column,	was	kept	constant.	This	was	realized	by	continuously	
pumping	water,	which	had	the	same	chemical	composition	as	the	respective	salt	pan	brine,	from	a	
storage	 tank	 into	 the	 height-adjustable	 bottle.	 The	 brines	 used	 in	 the	 column	 experiment	 were	
reconstructed	 individually	 according	 to	 water	 sample	 analysis	 of	 the	 extraction	 sites	 (Annex	 A	 9).	
Water,	which	did	not	flow	from	the	bottle	into	the	soil	column,	flowed	back	via	an	overflow	into	the	
storage	tank.	This	setup	allows	simulating	water	levels	below	the	bottom	of	the	soil	column	as	for	salt	
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layers	above	the	soil	 surface.	 In	case	of	 this	experiment,	air	movement	was	 induced	by	convection	














data	 set	 (USGS	 and	ARAMCO,	 1963).	 Significant	 spatial	 differences	 between	 both	 sets	 exist	 in	 the	
northern	and	eastern	part	of	the	study	area	for	which	the	presented	approach	yields	smaller	salt	pan	
areas.	On	the	other	hand,	the	small	scale	reveals	noteworthy	differences	in	mapped	salt	pan	extents.	
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While	the	USGS	&	ARAMCO	(1963)	data	set	is	rather	generalized	due	to	the	coarse	scale	of	mapping,	
the	presented	approach	provides	a	high	level	of	detail.	Even	small-scale	inter-dune	salt	pans	could	be	
outlined	 in	 detail.	 Another	 observable	 trend	 is	 the	 change	 along	 the	 coast.	 Recently,	 evaporation-













seawater	 in	 salt	 pan	 environments	 (Robinson	 and	 Gunatilaka,	 1991).	 The	 obtained	 values	 range	
between	7.4	and	20.8	‰	CDT	(Annex	A	9).	The	highest	values	accounting	for	20.3,	20.5,	and	20.8	‰	







It	 can	be	seen	 that	 the	Arabian	Gulf	 samples	exhibit	a	distinct	 signature	with	high	δ34S	values	 (see	
above)	and	low	Cl-/Br-	ratios	(max.	Cl-/Br-:	1.315).	A	cluster	of	salt	pan	samples	can	be	identified	due	
















salt	pan,	 results	 in	a	 total	 sabkha	 (salt	pan	 influenced	by	seawater)	area	of	3,600	km²	±	1,600	km2	
whereby	the	error	estimation	derives	from	the	upper	(9	km)	and	lower	boundary	(3	km),	respectively.		
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Fig.	 3-5:	 Relationship	 betweenδ34S	 and	distance	 to	 the	Arabian	Gulf.	 The	 shaded	 area	 depicts	 theδ34S	 range	
typical	 for	 seawater-influenced	 salt	 pan	 brines	 (Robinson	 and	Gunatilaka,	 1991).	Note	 that	 the	 Cl-/Br-	


































T	[°C]	 H	[%]	 E	[mm/a]	 T	[°C]	 H	[%]	 E	[mm/a]	 T	[°C]	 H	[%]	 E	[mm/a]	
0.5	 38.8	 23.0	 59.3	 38.8	 23.3	 69.2	 38.6	 26.6	 98.0	
0.5	 32.2	 29.9	 47.1	 32.2	 30.5	 51.8	 32.1	 29.8	 62.6	
0.5	 26.7	 51.2	 39.0	 26.7	 51.9	 39.5	 23.5	 44	 50.1	
0.75	 36.8	 26.5	 48.6	 36.8	 26.3	 50.8	 36.8	 25.2	 82.8	
0.75	 31.9	 27.8	 39.8	 30.6	 34.3	 36.6	 31.5	 29.9	 56.9	
0.75	 20.7	 32.2	 31.0	 20.5	 27.2	 19.2	 20.7	 30.9	 38.7	
1	 37.3	 11.0	 38.1	 37.1	 10.5	 31.1	 37.4	 10.4	 57.1	
1	 31.8	 15.9	 29.8	 31.9	 18.4	 22.6	 31.9	 17.4	 34.5	
1	 22.5	 38.0	 19.9	 22.9	 44.7	 15.6	 22.5	 37.1	 20.9	
	
  59 
In	 total,	 nine	 evaporation	 rates	 (mean	 values	 for	 several	 days	 of	 constant	 evaporation)	 and	 the	
corresponding	water	level,	temperature	and	relative	humidity	(Tab.	3-1)	served	to	set	up	a	multiple	
regression	 model	 for	 each	 column	 extracted	 from	 the	 salt	 pan	 Yabrin,	 Matti	 and	 Rub’	 Al	 Khali,	
respectively	 (Eq.	 3-1	 to	 3-3).	 The	 regression	model	 type	 used	 is	 based	 on	 previous	 studies	 about	
evaporation	 (Valiantzas,	 2006)	 and	evaporation	depending	on	water	 level	 (Hernández-López	et	 al.,	
2014;	Johnson	et	al.,	2010).		
𝐸fZghi@ = 0.724 ∙ 𝑇 ∙ 1 − K%66 ∙ 𝑊𝐿m%.%%n + 15.440	 	 	 (R²	=	0.88)	 																	(3-1)	
𝐸oZ\\i = 0.869 ∙ 𝑇 ∙ 1 − K%66 ∙ 𝑊𝐿m%.878 + 6.301	 	 	 (R²	=	0.90)	 																	(3-2)	







were	 calculated	 for	 the	 previously	 mapped	 salt	 pan	 area.	 Water	 levels	 were	 derived	 from	 26	















There	are	several	 sources	of	uncertainty	 in	 the	estimation	of	evaporation	rates.	First,	 the	assumed	
water	level	of	0.75	m	b.g.l.	is	accompanied	by	a	high	degree	of	uncertainty	given	the	limited	number	
observations	and	sparse	information	in	literature.	Second,	the	three	analyzed	soil	column	experiments	
provide	 information	about	 the	evaporation	at	 its	point	of	extraction	only.	Although	 representative	
sites	were	selected	based	on	 field	observations,	 the	extrapolation	of	point	 information	 into	spatial	
information	introduces	uncertainty.	Due	to	these	reasons,	we	derived	the	evaporation	estimation	for	
the	study	area	and	its	error,	accounting	for	the	uncertainty	in	water	level	and	the	uncertainty	in	the	
regression	 models.	 Thus,	 we	 calculated	 in	 total	 nine	 evaporation	 rates	 with	 the	 three	 regression	
models	(Eq.	3-1	to	3-3)	using	the	median	water	level	(0.75	m	b.g.l.)	and	the	median	water	level	minus	
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map	provided	by	USGS	and	ARAMCO	 (1963).	However,	on	 the	 smaller	 scale	 significant	differences	
appear	which	was	already	discussed	in	section	3.5	and	highlighted	in	Fig.	3-4.	Due	to	their	wide-spread	















Salt	pan	 This	study	 USGS	and	ARAMCO	(1963)	 Other	literature	
Yabrin	 55	 54	 204	(Edgell,	2006)	
Al	Budu	 161	 209	 149	(Edgell,	2006)	
Umm	As	Samim	 1,500	 4,300	 2,400	(König,	2012)	











to	 the	coast.	On	 the	other	hand,	 the	closest	 salt	pan	with	 continental	water	was	 sampled	 in	3	km	
distance.	 Therefore,	 no	 clear	 spatial	 boundary	 between	 seawater	 dominated	 and	 groundwater	
dominated	salt	pans	can	be	defined.	This	is	expected	as	variations	in	geomorphological,	hydrological,	
and	sedimentological	features	along	the	coastline	should	have	an	impact	on	seawater	intrusion,	i.e.	(i)	
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orientation	 of	 the	 coast	 in	 relation	 to	 the	 dominant	wind	 direction	 (e.g.	 shamal	wind	 system),	 (ii)	
general	surface	gradient,	(iii)	presence	of	barriers	preventing	tidal	flooding	(e.g.	chenier	ridges),	(iv)	











The	 annual	 net	 groundwater	 evaporation	 from	 continental	 salt	 pans	 (playas)	 is	 a	 result	 of	 total	
evaporation	(42	mm	±	13	mm)	minus	groundwater	recharge	(3	mm).	The	resulting	estimate	of	39	mm	
±	13	mm	 is	at	 the	 lower	end	of	 the	 range	derived	 from	the	 literature	of	20	mm	a-1	 (Robinson	and	
Gunatilaka,	 1991)	 to	 120	 mm	 a-1	 (Patterson	 and	 Kinsman,	 1981;	 Shehata	 and	 Lotfi,	 1993).	 It	 is	
important	to	note	that	most	of	the	previous	studies	reported	about	evaporation	rates	from	salt	pans	
close	to	the	Arabian	Gulf,	however,	this	study	focuses	on	evaporation	of	groundwater	and	hence	on	










other	 low	 permeable	 layers	 also	 provide	 the	 reason	 for	 the	 small	 share	 of	 5%	 of	 precipitation	 to	
infiltrate	 into	 salt	pans.	This	 is	emphasized	by	 the	observation	during	 several	 field	 trips	 that	water	
ponds	over	 salt	pans	 for	 several	days	after	 larger	 rain	events.	Considering	 the	previous	mentioned	
points,	our	comparatively	low	estimate	of	annual	net	groundwater	evaporation	from	continental	salt	
pans	(playas)	of	39	mm	±	13	mm	is	reasonable.		
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3.7 Conclusion	












The	 significance	 of	 groundwater	 evaporation	 from	 continental	 salt	 pans	 becomes	 apparent	 by	
comparing	it	with	other	water	balance	components.	The	main	inflow	component	into	the	Upper	Mega	
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4 Improving	large-scale	groundwater	models	by	considering	fossil	gradients	










resources.	 Despite	 the	 quasi-absence	 of	 present	 day	 replenishment,	 some	 of	 these	 groundwater	
bodies	 contain	 large	 amounts	 of	 water,	 which	 was	 recharged	 during	 pluvial	 periods	 of	 the	 Late	
Pleistocene	 to	 Early	 Holocene.	 These	 mostly	 fossil,	 non-renewable	 resources	 require	 different	
management	 schemes	 compared	 to	 those	 which	 are	 usually	 applied	 in	 renewable	 systems.	 Fossil	
groundwater	 is	 a	 finite	 resource	 and	 its	 withdrawal	 implies	 mining	 of	 aquifer	 storage	 reserves.	
Although	they	receive	almost	no	recharge,	some	of	them	show	notable	hydraulic	gradients	and	a	flow	
towards	their	discharge	areas,	even	without	pumping.	As	a	result,	these	systems	have	more	discharge	









In	many	 arid	 to	 semi-arid	 regions,	 surface	water	 resources	 are	 limited	 and	 often	 variable	 in	 their	
temporal	availability	(Scanlon	et	al.,	2006;	Tsur,	1990).	Consequently,	they	have	to	rely	on	other	water	
sources.	 While	 desalination	 of	 seawater	 is	 a	 valuable	 option,	 especially	 for	 public	 water	 supply,	
typically	groundwater	is	used	to	cover	the	large	agricultural	water	demand	(FAO,	2009;	Margat	and	
van	der	Gun,	 2013).	However,	 due	 to	 the	arid	 climates,	 these	 groundwater	 resources	 receive	only	
limited	recharge.	Some	of	the	aquifers	even	have	to	be	considered	as	non-renewable,	which	means	
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that	 the	 period	 needed	 for	 replenishment	 is	 very	 long	 in	 relation	 to	 normal	 time	 scales	 of	 water	

























implies	 mining	 of	 the	 reserves.	 This	 means	 that	 the	 aquifer	 storage	 capacity	 is	 the	 key	 value	 for	
managing	 non-renewable	 aquifers.	 In	 case	 of	 large	 and	 deep	 groundwater	 reservoirs,	 it	 is	 very	
expensive	to	measure	the	spatial	distribution	of	aquifer	storage	capacity	since	deep	boreholes	and	
long	 term	 pumping	 tests	 are	 required.	 Therefore,	 the	 storage	 coefficient	 is	 commonly	 one	 of	 the	
parameters,	 which	 is	 fitted	 during	 model	 calibration.	 This,	 in	 turn,	 implies	 that	 good	 calibration	
schemes	are	particularly	 important	 for	non-renewable	aquifer	 systems,	 resulting	 in	 reliable	aquifer	
parameter	configurations	and	hence	enhancing	the	prediction	accuracy	of	the	models.	
Although	 fossil,	 non-renewable	 aquifers	 receive	 almost	 no	 recharge,	 some	 of	 them	 show	 notable	
groundwater	gradients	and	a	flow	towards	discharge	areas.	It	is	assumed	that	these	gradients	result	





steady	 state,	which	makes	 its	modelling,	 in	 particular	 the	 calibration,	 even	more	 challenging.	 This	
phenomenon	is	usually	only	observed	in	large	aquifer	systems	as	the	time	for	returning	to	steady-state	
increases	 by	 the	 flow	 length	 from	 recharge	 to	 discharge	 areas	 (Rousseau-Gueutin	 et	 al.,	 2013).	















that	 for	 non-steady	 state	 (transient)	 systems	 the	 aquifer	 properties	 hydraulic	 conductivity	 (K)	 and	
storage	coefficient	(S)	have	to	be	calibrated	simultaneously.	Especially	for	large	aquifer	systems	with	
many	different	hydrogeological	units,	fitting	K	and	S	or	even	Q	(flux	rates	like	groundwater	recharge)	
together	 might	 lead	 to	 non-unique	 solutions	 having	 a	 good	 agreement	 between	 simulated	 and	
observed	heads	(Carrera	and	Neuman,	1986).	This	phenomenon	is	called	equifinality	and	is	thoroughly	
discussed	 by	 Beven	 (2006).	 The	 second	 problem	 is	 that	 transient	 models	 require	 precise	 initial	
conditions	(groundwater	head	distributions)	and	flux	rates	(e.g.	groundwater	recharge)	over	the	entire	





calibration	 approach	 comprises	 four	 steps:	 (i)	 quantifying	 the	 fossil	 discharge	 component,	 (ii)	















the	 groundwater	 resources	 of	 the	 Arabian	 Peninsula	 is	 stored	 in	 huge	 sedimentary	 basins	 of	 the	
Arabian	Platform	(Al-Rashed	and	Sherif,	2000).	In	its	sum,	these	groundwater	reserves	are	commonly	




the	 Lower	 Cretaceous	 to	 the	 Neogene.	 Its	 principal	 aquifers	 are	 the	 Biyadh	 and	Wasia	 sandstone	
aquifers	and	the	karstified	Umm	Er	Radhuma	and	Dammam	limestone	aquifers,	which	are	interbedded	
with	layers	with	lower	hydraulic	conductivities	(Fig.	4-2).			
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2002).	 These	 climatic	 conditions	 lead	 to	 very	 limited	 groundwater	 recharge	 rates	 from	 almost	 no	




to	 	 its	 non-linear	 response	 to	 infrequent	 rainfall	 events	 (Schulz	 et	 al.,	 2016).	 However,	 recharge	







mammal	 fauna	 of	 paleo-lake	 sediments	 indicating	 a	 savannah	 landscape	with	 an	 arid	 to	 semi-arid	
climate	for	the	wet	period.	This	hypothesis	is	supported	by	a	rock	art	site	about	100	km	west	of	Riyadh	
showing	 animals	 like	 antelopes,	 ostriches,	 and	 buffalos,	 which	 fit	 into	 the	 picture	 of	 a	 savannah	
landscape	(Annex	A	13).	 In	terms	of	quantities,	water	balance	calculations	suggest	that	the	Arabian	
Peninsula	 received	 three	 to	 five	 times	more	precipitation	during	 the	 last	pluvial	period	 than	 today	
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simulate	 the	 groundwater	 flow,	 we	 used	 the	 open-source,	 numerical	 modelling	 tool	 OpenGeoSys	





In	addition,	we	used	 two	other	criteria	 to	describe	and	evaluate	 the	 fit	of	 simulated	and	observed	
heads	–	the	bias	and	the	Kling-Gupta	efficiency	(KGE).	





∞	to	1,	whereby	higher	values	indicate	a	better	fit	(Gupta	et	al.,	2009).	KGE = 	1	 − 	 r − 1 . + α − 1 . + b − 1 .	 	 	 	 	 	 		(4-2)	
with	r = z,∙ 	 	 	 	 	 	 	 	 	 	 	 		(4-3)	α = 	 	 	 	 	 	 	 	 	 	 	 		(4-4)	b = 	 	 	 	 	 	 	 	 	 	 	 		(4-5)	
where	Covsim,obs	 is	 the	 covariance	between	 the	 simulated	and	observed	heads,	 σsim	 is	 the	 standard	
deviation	 of	 the	 simulated	 heads,	 σobs	 is	 the	 standard	 deviation	 of	 the	 observed	heads,	 μsim	 is	 the	
arithmetic	mean	of	the	simulated	heads,	and	μobs	is	the	arithmetic	mean	of	the	observed	heads.	
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Conceptual	model	and	data	
The	lateral	model	extent	of	the	UMA	system	comprises	almost	the	whole	Arabian	Platform	(Fig.	4-2).	




areas	of	 the	Arabian	Gulf.	 The	 latter	 two	boundaries	 constitute	no-flow	boundaries	as	well.	 In	 the	
Southeast,	 the	model	 is	bounded	by	a	major	 fault	west	of	 the	Oman	Mountains,	where	a	constant	
inflow	into	the	Neogene	aquifer	from	adjacent	subbasins	is	assumed	(GIZ/DCo,	2014).	In	the	Northeast,	
it	 is	 limited	 by	 the	 Euphrates	 and	 Schatt	 Al-Arab,	 which	 are	 constant	 head	 boundaries	 (Fig.	 4-3).	
Vertically,	the	top	boundary	for	the	model	is	the	ground/seafloor	surface,	whereby	the	seafloor	surface	
of	the	Gulf	constitutes	again	a	constant	head	boundary.	Here,	we	used	equivalent	freshwater	heads	






leakage	 from	underlying	 aquifers	 through	wadis	 intersecting	 the	outcrops	of	 both	 systems.	A	 very	
important	sink	besides	the	discharge	into	Euphrates	and	Gulf	is	the	groundwater	evaporation	from	salt	
pans	(Schulz	et	al.,	2015).	Furthermore,	natural	discharge	occurred	via	springs,	which	almost	all	ran	









bottom	 layer),	 whereby	 each	 is	 represented	 by	 two	 layers	 in	 the	 finite	 element	 mesh	 of	 the	
groundwater	 flow	 simulation	 model.	 The	 UMA	 system	 is	 a	 sedimentary	 basin	 which	 experienced	










Fig.	4-4:	Hydrofacies	 zones	of	 the	Wasia	aquifer	derived	 from	the	 lithofacies	 zones	of	Ziegler	 (2001),	vertical	
exaggeration	of	100			
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The	 presence	 of	 fossil	 groundwater	 gradients	 in	 the	 UMA	 system,	 in	 particular	 for	 the	 Umm	 Er	
Radhuma	aquifer,	was	already	described	by	Bakiewicz	et	al.	(1982).	They	justified	their	assumption	of	
fossil	gradients	by	pointing	out	analogies	to	other	aquifer	systems	for	which	Bourdon	(1977)	and	Lloyd	






We	 run	 a	 steady-state	 simulation	 with	 a	 numerical	 model	 of	 the	 pre-industrial	 UMA	 system,	
parameterized	with	 the	previously	defined	 starting	 values.	 The	 resulting,	 simulated	potentiometric	
heads	are	on	average	more	than	one	hundred	meters	below	the	observed	ones	(see	Annex	A	19).	This	






























First,	 we	 estimate	 the	 discharge	 amount	 into	 the	 Gulf	 and	 the	 Euphrates	 originating	 from	 fossil	
recharge	mounds.	 For	 that	 purpose,	 we	 parameterized	 our	model	 with	 starting	 parameter	 values	








to	 the	 next	 is	 smaller	 than	 1	 ×	 106	m3a-1.	 This	 somehow	 arbitrary	 threshold	 is	 justified	 as	 we	 are	
expecting	fossil	discharge	rates	to	be	about	three	orders	of	magnitude	higher.	Subtracting	the	steady-
state	discharge	from	the	pre-industrial	discharge	previously	identified	yields	an	approximation	for	the	








monitoring	wells	with	a	single	measurement,	 (ii)	monitoring	wells	with	 time	series	 records	and	 (iii)	
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head	data	 extracted	 from	 contour	maps	 (GIZ/DCo,	 2014,	 2011;	GTZ/DCo,	 2006).	 The	 latter	 have	 a	
questionable	accuracy	as	they	are	derived	from	interpolated	data;	however,	this	data	source	has	the	
crucial	advantage	that	it	covers	the	entire	aquifer	system.	All	water	levels	are	given	in	equivalent	fresh	
water	 heads.	 As	 we	 are	 expecting	 different	 levels	 of	 accuracy	 from	 the	 three	 different	 types	 of	
observed	head	data,	we	applied	the	specific	weighting	factors:	0.17,	0.5,	and	1	for	head	data	extracted	












































In	phase	two,	backward	particle	 tracking	 from	the	main	pre-industrial	discharge	components	 (Gulf,	
Euphrates,	 and	 salt	 pans)	 illustrates	 the	 origin	 of	 the	 discharging	 groundwater.	 As	 expected,	 the	
groundwater	 catchment	of	 the	Euphrates	within	our	model	area	 is	 the	entire	northern	part	of	 the	
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model	domain.	However,	in	the	middle	and	southern	part,	backward	tracking	demonstrates	that	the	























are	 limestone	 (karstified)	 and	 transition	 zone,	 and	 limestone	 (partly	 karstified),	 which	 are	 slightly	










During	 the	 fourth	 and	 last	 step	 of	 the	 calibration	 approach,	 the	 transient	 model	 calibration	 is	
performed	for	the	four	previously	mentioned	cases	for	a	simulation	period	from	1950	to	2010.	The	
initial	 potentiometric	 head	 distribution	 for	 these	 transient	 simulations	 is	 extracted	 from	 the	
corresponding	pre-industrial	steady-state	models.	We	kept	the	hydraulic	conductivity	fixed	and	only	
calibrate	 one	 specific	 storage	 (SS)	 value	 for	 each	 hydrofacies	 zone	where	 groundwater	 abstraction	
takes	place	(Annex	A	18).	Fig.	4-8	A	shows	the	three	major	abstraction	areas	of	the	Wasia	aquifer	with	
their	 corresponding	 simulated	 cones	 of	 depression.	 The	 drawdown	 southeast	 of	 Riyadh	 is	
















monitoring	wells	yields	different	model	 fits	 for	different	cases,	whereby	case	 (ii)	 shows	the	best	 fit	
(RMSE	=	10	m,	KGE	=	0.61,	bias	=	-0.06	m)	and	case	(iv)	shows	the	worst	fit	(RMSE	=	13	m,	KGE	=	-0.07,	
bias	=	-1.67	m).	Neglecting	the	monitoring	wells	of	the	Wasia	Well	Field	(e.g.	Fig.	4-8	D)	results	in	a	
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case	 (iv).	 The	mean	of	 the	 specific	 storage	 for	 case	 (i)	 to	 case	 (iii)	 shows	only	 a	 limited	 variability,	
however,	more	than	doubles	for	case	(iv).	
	













presented	 in	 the	 Annex	 A	 21.	 It	 is	 notable	 that	 the	 best	 fitting	 times	 for	 the	 aquifers	 plot	 in	 a	
significantly	narrower	range	compared	to	the	initial	discharge	estimation	(Fig.	4-5).		
Subsequently,	 we	 repeated	 calibration	 step	 three	 (quasi	 steady-state	 model	 calibration)	 and	 four	
(transient	model	calibration),	which	resulted	in	comparable	model	fits	to	case	(i)	to	(iv).	The	refined	
































parameterization.	 Although	 the	 starting	 parameters	 are	 based	 on	 numerous	 pumping	 tests,	 this	
approach	 requires	 verification	or	 at	 least	 a	 plausibility	 check.	Unfortunately,	 not	much	 is	 reported	
about	groundwater	discharge	amounts	into	the	Gulf	and	Euphrates	and	their	temporal	evolution.	Only	
for	 direct	 discharge	 via	 springs,	 reliable	 measurements	 exist.	 Spring	 discharge	 into	 the	 Euphrates	
basins	and	into	the	Gulf	via	submarine	springs	amount	to	19	×	106	m³	a-1	(Wagner,	2011)	and	32	×	106	
m³	 a-1	 (GDC,	 1980),	 respectively.	 However,	 the	 greater	 part	 consists	 of	 diffuse	 discharge	 into	 the	
Euphrates	and	the	adjacent	Mesopotamian	Marshes	and	diffuse	submarine	groundwater	discharge	




However,	 even	more	 important	 than	 an	 absolute	 exact	 value	 for	 the	 total	 discharge	 and	 its	 fossil	
component	is	the	approval	of	our	hypothesis	that	there	was	more	discharge	in	the	past	and	that	there	
is	still	a	significant	fossil	component.	A	strong	indication	for	that	is	given	by	an	extensive	study	of	Larsen	
(1983)	about	 the	evolution	of	human	 life	on	 the	Bahrain	 islands.	Based	on	archaeological	data,	he	





recharge	 in	 order	 to	 achieve	 pseudo	 steady-state	 conditions.	 This	 gave	 us	 the	 possibility	 to	 only	
calibrate	 the	 hydraulic	 conductivity	 and	 hence	 reduce	 the	 risk	 of	 equifinality	 and	 meaningless	
parameter	configurations.	We	tested	different	assumptions	for	fossil	discharge	amounts	in	order	to	












values	 of	 K	 and	 SS	 (derived	 from	 pumping	 test)	 by	 those	 from	 case	 (ii)	 and	 repeated	 the	 whole	
calibration	 process.	 Comparing	 the	 final	 (refined)	 values	 for	 K	 and	 SS	 –	 also	 in	 the	 context	 of	 the	
evolution	 of	 case	 (i)	 to	 case	 (iii)	 –	 with	 case	 (iv),	 i.e.	 neglecting	 fossil	 discharge,	 emphasizes	 the	
importance	of	considering	this	phenomenon	(Fig.	4-11).	Neglecting	fossil	discharge	would	first	lead	to	
a	wrong	description	of	the	flow	regime	(underestimation	of	the	hydraulic	conductivity)	and	second	to	







Besides,	 the	 orthotropy	 factor	 varies	 in	 a	wide	 range.	 Particularly	 noteworthy	 are	 the	 hydrofacies	
zones	Sandstone,	Limestone	(low	permeable),	and	the	Transition	zone.	These	zones	show	up	to	three	
orders	of	magnitude	lower	vertical	hydraulic	conductivities	compared	to	horizontal	ones.	In	principle,	
this	 phenomenon	 could	be	 an	 artefact	 of	 the	 inverse	modelling.	 This	means	 that	other	parameter	
configurations	 (potentially	 with	 less	 differences	 between	 vertical	 and	 horizontal	 hydraulic	
conductivities)	 could	 yield	 comparable	matches	with	 head	 observations.	 However,	 we	 believe	 the	
reason	for	that	is	the	great	thickness	of	the	aquifer	zones	of	up	to	a	few	hundred	meters.	During	their	
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formation,	these	zones	experienced	different	depositional	environments,	 i.e.	they	are	composed	of	
various	 layers	with	different	hydraulic	properties	 (bedding	planes).	Here,	 layers	with	 low	hydraulic	
conductivities	 can	be	considered	as	bottlenecks	 for	 the	water	 flow	 in	vertical	direction	 (Halvorsen,	
1993).		
Although	our	approach	is	not	free	from	uncertainties,	mainly	due	to	the	first	guess	parameterization,	





This	 leads	 to	a	number	of	 advancements	over	 the	previous	 studies.	 First,	 our	method	 reduces	 the	
danger	of	equifinality	due	to	separation	of	K	and	S	calibration.	Particularly	in	areas	with	imperfect	and	












availability	of	data.	We	need	 this	understanding	 to	apply	good	management	 schemes	especially	 in	
areas,	where	groundwater	is	the	predominant	water	source.	A	special	case	is	fossil	and	hence	finite	
groundwater	 resources.	 Here,	 sound	 strategies	 for	 water	mining	 are	 needed	 in	 order	 to	 optimize	
volumes	 that	 can	 be	 extracted	 without	 risking	 quality	 deterioration.	 Furthermore,	 estimates	 on	
remaining	amounts	of	groundwater	resources	allow	appropriate	water	pricing	as	a	controlling	tool.	
Within	this	study	we	set	up	a	regional	groundwater	flow	model	of	an	important	and	intensively	used	
aquifer	 system	 on	 the	 Arabian	 Peninsula	 –	 the	 Upper	 Mega	 Aquifer	 system.	 By	 this	 example	 we	
introduced	a	new	calibration	approach,	which	accounts	for	a	groundwater	flow	dominated	by	fossil	
head	 gradients.	Moreover,	 we	 analysed	 its	 relevance	 for	 the	 aquifer	 parameterization	 during	 the	




We	 further	 believe	 that	 our	 proposed	method	 is	 a	 promising	 and	 valuable	way	 to	 deal	with	 fossil	
gradients	and	likewise	improve	large-scale	groundwater	models.	Nevertheless,	this	approach	is	based	
on	 simplifications	 in	 the	model	 setup,	 e.g.	 adding	 the	 fossil	 discharge	 to	 the	 recharge	 in	 order	 to	
achieve	a	quasi-steady-state	 status.	Besides	 those	potential	 structural	model	errors	and	as	already	
mentioned	in	the	previous	section,	we	think	that	especially	the	estimation	of	discharge	and	its	fossil	
component	might	 cause	 errors	 in	 the	proposed	 calibration	 approach	 (even	 though	we	 refined	our	
results	 by	 a	 second	 run	 of	 the	 calibration	 procedure	 with	 updated	 initial	 values).	 Therefore,	 an	
independent	 estimate	 of	 total	 discharge	 (or	 even	 better	 its	 fossil	 component)	 could	 significantly	
increase	 the	 reliability	of	 the	presented	method.	As	an	example,	a	 very	promising	 technique	using	
helium	isotopes	as	a	tracer	to	better	quantify	diffuse	and	discrete	cross	formational	fluxes	is	presented	
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5 Model	results	and	conclusion	
The	present	thesis	cumulates	three	major	studies,	which	are	presented	in	the	previous	three	chapters.	
Two	 of	 them	 deal	 with	 water	 balance	 components	 of	 the	 UMA	 system.	 First,	 a	 specific	 type	 of	
groundwater	recharge	is	described	and	quantified:	groundwater	recharge	in	the	karst	outcrops	of	the	
Umm	Er	Radhuma	aquifer	(chapter	2;	Schulz	et	al.,	2016).	Second,	the	groundwater	evaporation	from	
salt	 pans,	 which	 constitutes	 one	 of	 the	 major	 outflow	 components	 of	 the	 system,	 is	 thoroughly	
investigated	 (chapter	 3;	 Schulz	 et	 al.,	 2015).	 The	 third	 major	 study	 deals	 with	 the	 numerical	
groundwater	flow	model.	It	describes	the	model	set-up	and	its	calibration	by	considering	fossil	head	
gradients;	 and	 furthermore,	 it	 quantifies	 the	 natural	 discharge	 into	 the	 Persian	 Gulf	 and	 into	 the	
Euphrates	(chapter	4;	Schulz	et	al.,	2017).	These	studies	fill	a	data	gap	and	hence,	help	to	improve	the	
understanding	of	hydrological	and	hydrogeological	processes	of	the	UMA	system.	Likewise,	they	are	
the	base	 for	numerical	 groundwater	 flow	 simulations,	which	 could	 support	 future	decision	making	
processes.		
This	 final	 chapter	deals	with	 simulations	performed	with	 the	previously	built	up	groundwater	 flow	
model	(chapter	4;	Schulz	et	al.,	2017).	Using	these	simulations,	the	present	state	of	the	groundwater	
resources	stored	in	the	UMA	system	are	described;	and	subsequently,	three	different	development	
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Fig.	5-1:	Isosurfaces	of	potentiometric	head	distribution	and	arrows	indicating	the	flow	direction	for	2010;	in	the	

















east	 (GIZ/DCo,	 2014,	 2011;	 GTZ/DCo,	 2006)	 and	 the	 second	 one	 is	 the	 availability	 of	 desalinated	
seawater	in	coastal	areas.	Besides	some	industrial	supply	wells	of	minor	significance,	the	oil	production	




















of	 this	 study,	 are	 extracted	 from	 the	 consulting	 reports	GIZ/DCo	 (2011)	 and	GTZ/DCo	 (2006).	 It	 is	
particularly	noteworthy	that	the	agricultural	abstraction	rates	experienced	a	strong	increase	especially	
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abstraction	 rates	were	obtained	by	 extensive	 field	 surveys	 and	 satellite	 image	 analyses	during	 the	
studies	of	GIZ/DCo	(2011)	and	GTZ/DCo	(2006),	these	values	have	to	be	considered	as	good	guesses	

















































Country	 Neogene	[106	m3	a-1]	 Dammam	[106	m3	a-1]	 Umm	Er	Radhuma	[106	m3	a-1]	
Wasia,	Biyadh,	
Aruma	[106	m3	a-1]	
Bahrain	 	 97	(2010)	218	(1994)	 54	(2010)	 	
Iraq	 370	(1980s)*	 	 4	(early	1990s)	 60	(2000)**	
Kuwait	 92	(1988)	 120	(1988)	 	 	
Oman	 	 45	(before	2001)***	 	
Qatar	 	 	 43	(1971)	91	(1983)	 	
UAE	 443	(1985)****	 8	(2011)	 	 	
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Tab.	5-2:	Aquifer	volumes	(calculated	from	the	geometric	model	of	this	study)	and	exploitable	groundwater	
volumes	of	the	UMA	system	(GTZ/DCo,	2010)	
Aquifer	 Hydrofacies	 Volume	[109	m3]	 Exploitable	water	[109	m3]	
Neogene	 Sandstone,	shale	and/or	limestone	 268,990	 24	























A	 major	 function	 of	 numerical	 groundwater	 flow	 models	 and	 likewise	 powerful	 decision	 making	
support	 systems	 are	 forecasting	 the	 response	 of	 an	 aquifer	 system	 depending	 on	 different	



























Sakaka	 49	 34	 18	
Ullya	 94	 86	 434	
Sharguia	 36	 20	 188	
Qatif	 0	 0	 169	
Hofuf	 1	 1	 713	
Kharj	 34	 21	 273	
Yabrin	 43	 24	 816	
Aflaj	 61	 40	 14	







































start	 operating	 in	 2020	 with	 a	 constant	 abstraction	 rate	 until	 2050.	 Other	 abstraction	 rates	 for	
domestic	supply	followed	the	prognostic	population	rise	of	Saudi	Arabia	with	a	linear	increase	of	64%	
from	2010	to	2050	(UN,	2015).	
Following	 a	 prognosis	 of	 GIZ/DCo	 (2011),	 the	 groundwater	 demand	 for	 oil	 production	 (injection	
activities	mainly	around	Ghawar	Oil	Fields)	linearly	increases	to	500	×	106	m3	a-1	from	2011	to	2020	and	
subsequently	stays	constant	until	2050.	Furthermore,	it	is	assumed	that	other	industrial	groundwater	
consumptions	 double	 over	 the	 period	 from	 2010	 to	 2020.	 The	 reason	 for	 this	 are	 industrial	
development	 and	diversification	 initiatives	 until	 2020	 (UNIDO,	 2006).	 After	 2020	 these	 abstraction	
rates	stay	constant	as	well.			








The	 previously	 described	 groundwater	 abstraction	 scenarios	 were	 simulated	 with	 the	 numerical	
groundwater	flow	model	of	the	UMA	system.	One	of	the	simulation	results	is	the	spatial	distribution	
of	 the	potentiometric	head	drawdown,	 i.e.	 the	difference	 in	groundwater	head	between	1950	and	




groundwater	 reserves	 are	 not	 recovered	 (Fig.	 5-8).	 This	 observation	 results	 from	 the	 low	
replenishment	 rate	of	 the	aquifer	 system.	Hence,	 it	 clearly	 shows	 that	 groundwater	withdrawal	of	
some	cubic	kilometres	per	year	from	the	UMA	system	has	to	be	seen	as	mining	of	a	finite	resource.			
Second,	 the	 extension	 of	 the	Wasia	Well	 Field	 (doubling	 its	 abstraction	 rate	 during	 development	












In	 more	 humid	 areas,	 where	 management	 schemes	 usually	 follow	 the	 principles	 of	 a	 sustainable	
groundwater	 production,	 the	 recovery	 of	 an	 aquifer	 depends	 on	 its	 replenishment	 rate	 mainly	
resulting	from	the	infiltration	of	precipitation.	In	contrast,	the	recovery	during	scenario	2	shows	that	
the	 recovery	 rate	 of	 the	 drawdown	 in	 the	 Wasia-Biyadh	 system	 seems	 to	 depend	 on	 the	






















in	good	approximation	the	state	of	 the	year	2010.	 Interesting	 to	note	are	 the	simulation	results	of	
scenario	 2	 (decreasing	 groundwater	 abstraction),	 which	 suggest	 an	 average	 groundwater	 storage	
change	of	about	-2.4	×	109	m3a-1.	This	value	is	only	slightly	less	than	the	one	for	the	period	from	1950	
to	 2010,	 which	 shows	 that	 even	 extensive	 water	 saving	 initiatives	 will	 not	 stop	 the	 depletion	 of	
groundwater	reserves.	The	most	negative	impact	on	the	remaining	groundwater	resources	arise	out	




































	 Groundwater	recharge	 2867	 2867	 2867	 2867	 2867	
Wadi	inflow	 114	 114	 114	 114	 114	






Mean	Gulf	discharge	 -1597	 -1484	 -1398	 -1399	 -1381	
Mean	Euphrates	
discharge	 -663	 -669	 -682	 -682	 -682	
Salt	pans	 -1351	 -1351	 -1351	 -1351	 -1351	
Springs	 -434	 -3	 -3	 -3	 -3	
Mean	agricultural	
abstraction	 0	 -1845	 -2625	 -1841	 -3634	
Mean	industrial	
abstraction	 0	 -209	 -141	 -46	 -475	
Mean	domestic	
abstraction	 0	 -79	 -142	 -142	 -346	
Ne
t	 Mean	groundwater	




The	 present	 thesis	 comprises	 several	 studies	 of	 the	 Upper	 Mega	 Aquifer	 system	 on	 the	 Arabian	
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11	 Saudi	Arabia	 2.0	 67	 0.029	 Not	specified	 Whole	country	 (Khater,	2002)	













14	 Saudi	Arabia	 0.45	 114	 0.004	 Not	specified	 Whole	country	
(Chowdhury	and	
Al-Zahrani,	2015)	
15	 Saudi	Arabia	 0.48	 50	 0.01	 Not	specified	 Whole	country	 (Mohorjy,	1988)	



























22	 Qatar	 9	 75	 0.12	 	 Northern	zone	 (Eccleston	and	Harhash,	1982)	
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26	 Qatar	 8	 80	 0.1	 Not	specified	 Northern	half	of	the	country	 (Pike,	1983)	

































33	 Iraq	 20	 550	 0.036	 Not	specified	 Erbil	Plain	 (Krásný	et	al.,	2006)	













































42	 UAE	 8.8	 130	 0.07	 Water	balance	model	 Al	Ain	area	
(Osterkamp	and	
Lane,	2003)	
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48	 Oman	 4	 70	 0.057	 Groundwater	flow	model	 Interior	of	Dhofar	 (Müller,	2012)	

















52	 Oman	 8.8	 130	 0.068	 Water	balance	model	 Oman	Mountains	
(Osterkamp	et	al.,	
1995)	




































60	 Yemen	 30	 330	 0.091	 Water	balance	 Sana’a	basin	 (Charalambous,	1982)	
61	 Yemen	 12	 195	 0.062	 Water	balance	model	 Sana’a	basin	 (Alderwish,	1995)	
62	 Yemen	 14.1	 235	 0.06	 Not	specified	 Sana’a	basin	 (Foppen	et	al.,	2005)	
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  xvii 
A	21	–	Refined	discharge	estimation:	
	
´	
	
A	22	-	Steady	state	model	performance	for	final	values:	
	
	
